Axonal neurofilament (NF) accumulations occur before development of symptoms and before other pathological changes among idiopathic neurodegenerative diseases and toxic neuropathies, suggesting a cause-effect relationship. The dependence of symptoms and axonal degeneration on neurofilament accumulation has been tested here in a transgenic mouse model (Eyer and Peterson, 1994) lacking axonal NFs and using two prototypic toxicant models. Chronic acrylamide (ACR) or 2,5-hexanedione exposure resulted in progressive and cumulative increases in sensorimotor deficits. Neurobehavioral tests demonstrated similar expression of neurotoxicity in transgenic (T) mice and their nontransgenic (NT) littermates (containing normal numbers of axonal NFs). Axonal lesions were frequently observed after exposure to either toxicant. Quantitation of ACR-induced lesions demonstrated the distal location of pathology and equal susceptibility of T and NT axons. We conclude that axonal NFs have no effect on neurotoxicity and the pattern of pathology in these mammalian toxic neuropathies. These results also suggest that the role of neurofilament accumulation in the pathogenesis of neurodegenerative diseases requires careful evaluation.
The accumulation of axonal neurofilaments (NF) and the subsequent onset of axonal dysfunction and/or pathology are common in neurodegenerative disorders and toxicant-induced neuropathies. The accumulations occur contemporaneous with, or before, development of pathologies. This spatiotemporal pattern of neuropathology has led to the widespread assumption of a causeeffect relationship. However, overexpression of NF or axonal NF accumulation by ␤,␤Ј-iminodipropionitrile is best correlated with axonal atrophy (reduced diameter) rather than axonal degeneration (Griffin et al., 1978; Cote et al., 1993; Xu et al., 1993) , indicating that NF accumulation may not be causally related to axonal loss. A direct test of the relationship between axonal NF accumulation and the development of symptoms and axonal degeneration is lacking.
Neurotoxicants serve as tools for identif ying the f unction(s) of cellular components and the consequences of their alteration, as well as models for elucidating general pathogenic mechanisms. Acrylamide (ACR) and ␥-diketones are prototypic chemicals causing a neurofilamentous axonopathy characterized by accumulation of N F along with tubulovesicular profiles, mitochondria, and dense bodies (Prineas, 1969) . The accumulations and degeneration are correlated with symptoms . Direct covalent modification of N Fs (Graham et al., 1982a,b; DeC aprio and O'Neill, 1985; Sayre et al., 1985; Lapadula et al., 1989) and /or N F crosslinking (Anthony et al., 1983a,b; Sayre et al., 1985; Genter-St C lair et al., 1988; St C lair et al., 1989; Graham et al., 1990) has been hypothesized to block fast axonal transport of vital nutrients to the distal axon. However, there is no direct proof that accumulation of N F by these toxicants, or under any condition, produces a compromise of fast transport or axonal degeneration. Simultaneous modification of other molecules can equally explain the neuropathology; the accumulation of N F could be epiphenomenal.
Support for the latter, alternative, interpretation exists. Other proteins are chemically modified by ␥-diketones in the same manner as N Fs (DeC aprio et al., 1982) . The temporal onset of neurotoxicity by 2,5-hexanedione (2,5-H D) and ACR does not correlate with the onset or the magnitude of N F accumulation (Anthony et al., 1983c; Sickles and Goldstein, 1985; Spencer and Schaumburg, 1991) . Progressive N F accumulation does not correlate with transient and repeated block of fast anterograde axonal transport by 2,5-H D and ACR (Sickles, 1989a (Sickles, ,b, 1991 (Sickles, , 1992 . Toxicological (Griffin et al., 1978; Papasozemenos et al., 1982) and transgenic (Cote et al., 1993; Xu et al., 1993 ) models demonstrate axonal N F accumulation without degeneration.
To test directly the relationship of axonal N F accumulation to the pathogenesis of ACR and ␥-diketone neuropathy, we have compared the development of symptoms and pathology in transgenic mice lacking axonal N Fs (Eyer and Peterson, 1994) with those of their normal littermates. We demonstrate, qualitatively and quantitatively, no difference in symptoms, pathology, and fast axonal transport effects (Stone et al., 1999 (Stone et al., , 2001 between mice possessing or lacking axonal N Fs. We conclude that N F accumulation is epiphenomenal to ACR and ␥-diketone neurotoxicity. Although N F accumulation may play a role in other conditions in which N F might be more uniquely targeted, the relevance of axonal N F accumulation to pathogenesis should be interpreted cautiously.
MATERIALS AND METHODS
Animal model. The transgenic (T; strain 44A) and nontransgenic (N T) mice used in the present experiments were offspring from a colony maintained at McGill University (Alan P. Peterson); details of the production and phenotype of the T mice are available in the previous publication (Eyer and Peterson, 1994) . Briefly, the T mouse was produced by initial ligation of the heav y neurofilament subunit (N F H) gene in-frame to the lacZ gene in the pGNA vector. This transgene was then isolated, gel purified, and microinjected into male pronuclei of B6C3F2 zygotes. The embryos were transferred to the oviducts of B6C3F1 females. At birth, tail biopsies were performed, and DNA was extracted and analyzed for the presence of transgene sequences using PCR and Southern blotting. The f usion protein encoded by this transgene includes the entire N-terminal and central ␣-helical rod domains and 45 K SP repeats from the C -terminal domain of N F H followed by the complete amino acid sequence of Escherichia coli ␤-galactosidase. The absence of N Fs from the axons of T mice resulted in axonal diameters approximately half those of nonafflicted littermates. However, axons of T mice formed normal associations with their final targets, and most important, the mice were physically and reproductively normal through 14 months of age (Eyer and Peterson, 1994) . Positive offspring are referred to throughout this report as T mice, whereas animals testing negative are referred to as N T littermates. All animal classifications were verified (blindly) at the end of the experiment by the presence or absence of axonal N Fs in electron micrographs of sciatic nerves. T wo-month-old (ACR study) to 3-month-old (H D study) animals (20 -30 gm) were air-freighted to the Medical College of Georgia animal care facility where they were maintained on a 12 hr light /dark schedule and provided food and water ad libitum. Animals were adapted to the new surroundings for at least 3 d before experimentation.
Toxicant e xposure. All chemicals used were purchased from Sigma (St. L ouis, MO) except as follows. Acrylamide (electrophoretic grade) was purchased from Bio-Rad (Hercules, CA), whereas propionamide, 2,5-hexanedione, and 3,4-hexanedione were purchased from Aldrich (Milwaukee, W I). T mice and their N F-containing littermates were given intraperitoneal injections of either ACR (50 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ; n ϭ 11 T and 11 N T), equimolar doses of the non-neurotoxic analog propionamide (n ϭ 8 T and 8 N T), or physiological saline (controls; n ϭ 8 T and 8 N T). These injections were given daily over a consecutive 18 d treatment period. Previous studies suggested that mice were unsusceptible to ␥-diketones (Graham and Gottfried, 1984) . Thus, preliminary experiments were conducted to identif y whether a neuropathy could be produced with a different dosing regimen. Neurobehavioral testing was conducted in this preliminary study; no microscopy was performed on these groups. Three different dosing regimens of 2,5-H D or 3,4-H D (non-neurotoxic analog of 2,5-H D) were used as follows: (1) Neurobehavioral testing. Before each daily injection, all animals were, without the investigator having any knowledge of experimental group, examined for signs of ataxia, hindlimb paralysis, and foot drop, as well as any other gross abnormalities in gait. Numerous f unctional observational batteries have been developed to identif y sensorimotor deficits. The rotarod test has proven value in both ACR and ␥-diketone neuropathy and was chosen for the present experiments. Body weights were obtained for each animal and followed with testing of each animal's ability to remain on a rotating cylinder 1 inch in diameter and rotating at the constant speed of 10 rpm for 30 sec. T wo opportunities were provided to each animal during each testing session. The animal was designated as failing the rotarod test only after falling off the rotarod on both trials. Because of an observed trend (nonsignificant), potential differences in rotarod performance between transgenic and nontransgenic animals were f urther considered with a more discriminating accelerated rotarod test. Immediately after the standard rotarod test at 10 rpm, the speed of the rotarod was incrementally increased by 2 rpm every 10 sec, and the speed, in revolutions per minute, at which the animal could no longer remain on the rotarod was recorded. If the animal fell off the rotarod immediately after being placed on the rod, a speed of "0" was recorded.
Morpholog ical studies. One day after rotarod failure, all ACR-and 2,5-H D-injected animals were anesthetized with sodium pentobarbital and perf used via aortic cannula with saline followed by freshly pre- Figure 1 . A, B, Animal weights (shown as % of starting weight) for salinetreated (n ϭ 8 T and 8 NT), ACRtreated (n ϭ 11 T and 11 NT), and propionamide-treated (n ϭ 8 T and 8 NT) groups of T ( A) and NT ( B) mice over the 18 d treatment period are shown. ACR-injected T and NT mice failed to gain weight after experimental day 12; however, no significant weight differences were observed between any of the groups. C, D, T (C) and NT ( D)
; n ϭ 8 T and 8 NT) over a 19 d treatment period exhibited a statistically significant reduction in body weight ( p Ͻ 0.05) compared with either saline-exposed (n ϭ 6 T and 6 NT) or 3,4-HD-exposed (n ϭ 6 T and 6 NT) mice. No difference was found between saline-and 3,4-HD-treated mice. Error bars are not included for appearance and because most were within the font size of the data points. Statistical differences were determined using a two-way ANOVA for repeated measures. Differences in weight gain of the control animals of the ACR study versus those of the HD study were attributed to differences in the starting age of the mice (ACR, 2 months; HD, 3 months). PROP, Propionamide. pared fixative (0.5% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.4, at room temperature; Fisher Scientific, Pittsburgh, PA). All saline-, propionamide-, and 3,4-H D-injected T and N T animals were killed on the same day as their toxicant-exposed counterparts. The following nerves (midthigh sciatic, midleg sural, peroneal distal to the knee, and midleg tibial) were gently dissected free and placed in room temperature fixative for 24 hr. Samples were post-fixed in 4% osmium tetroxide (Electron Microscopy Sciences, Fort Washington, PA) and embedded in Epon (Electron Microscopy Sciences). Ultra-thin sections were stained with lead citrate and viewed with a Philips 400 electron microscope. All mice in each group were processed for histological analysis. For all ACR, saline, and propionamide T and N T treatment groups, the number of axons with two or more pathological lesions (including accumulations of mitochondria, dense bodies, multilaminar bodies, and /or tubulovesicular profiles) was quantitated within randomly selected areas of sciatic and tibial nerves at 21,500ϫ magnification. The regions were selected without the investigator having knowledge of the experimental groups and included equal samples from superficial and deep regions of the nerves. All axons whose axoplasm was completely within the section were included.
Statistical anal ysis. Significant differences in the ability to remain on the constant-speed rotarod between T and N T mice of ACR-, propionamide-, 2,5-H D-, 3,4-hexanedione-, and saline-injected groups were determined using the Kaplan and Meier survival analysis with Breslow's statistic. Differences in accelerated rotarod performance Figure 2 . Effects of ACR and 2,5-HD on rotarod performance. Animals were tested daily for their ability to remain on a rotating, 1-inchdiameter cylinder rotating at a speed of 10 rpm for 30 sec. An animal was designated as failing if it fell off the rod on two trials. Data are illustrated as the percentage of animals tested that failed the test on each treatment day. Daily injections of 50 mg/kg ACR ( A), equimolar propionamide ( A), 8 mmol/kg 2,5-HD ( B), or equimolar 3,4-HD ( B) produced a similar rotarod failure in T and NT mice. T and NT ACR-exposed animals (n ϭ 11 T and 11 NT) were significantly different from corresponding propionamide-injected (n ϭ 8 T and 8 NT) and saline-injected (n ϭ 8 T and 8 NT; data not shown) mice. Similarly, both T and NT 2,5-HD-exposed animals (n ϭ 8 T and 8 NT) were significantly different from corresponding 3,4-HD-exposed (n ϭ 6 T and 6 NT) and saline-exposed (n ϭ 6 T and 6 NT; data not shown) animals. No statistically significant differences were found between any T and NT animals. For illustration purposes only, data from T and NT mice exposed to non-neurotoxic propionamide ( A) or 3,4-HD ( B) were combined. Survival analysis data do not allow the presentation of error bars. Statistical differences were determined using the Kaplan and Meier survival analysis with Breslow's statistic. ; n ϭ 3 T and 3 NT), propionamide (Prop; 50
; n ϭ 3 T and 3 NT), or saline (n ϭ 1 T and 1 NT) is shown. ACR-treated animals were statistically different from saline-or propionamideexposed animals ( p Ͻ 0.05). C, D, T (C) and NT ( D) mice receiving 2,5-HD (8 mmol ⅐ kg Ϫ1 ⅐ d
Ϫ1
; n ϭ 3 T and 3 NT) were statistically different from 3,4-HDtreated (equimolar dose; n ϭ 3 T and 3 NT) or saline-treated (n ϭ 1 T and 1 NT) groups in the performance of the accelerated rotarod test at the preset significance ( p Ͻ 0.05). No differences were found between T and NT mice for any experimental group. Statistical differences were determined using a two-way ANOVA for repeated measures.
among each of the T and N T treatment groups were determined using a two-way ANOVA for repeated measures. In addition, statistically significant differences in average animal weights in each of the experimental groups were determined using a two-way ANOVA for repeated measures. Significant differences in the number of axons with pathological lesions in T and N T animals injected with saline (controls) or ACR were determined using a two-way ANOVA for repeated measures followed by T ukey's highly significant differences post hoc test at a preset significance level of p Ͻ0.05.
RESULTS
Both T and NT animals receiving either saline or propionamide either maintained their starting weight or gained weight over the treatment period (Fig. 1 A,B) , whereas those receiving ACR stopped gaining weight after day 12 (Fig. 1 A,B) . During the time frame of the experiment no significant weight differences were observed between any of the groups. Regardless of the dosing regimen, all 2,5-HD mice showed statistically significant reductions in weight (Fig. 1C,D, 8 mmol/kg dosing regimen; others not shown) in comparison with saline-and 3,4-hexanedione-exposed mice (Fig. 1C,D) . No significant weight differences were observed between T and NT mice in any group, including the ACR and 2,5-HD treatments. Data are expressed as a percentage of starting weight; therefore, SEs are extremely small and cannot be appropriately represented on the graph (Fig. 1) .
Development of the characteristic symptoms of ACR and ␥-diketone neurotoxicity in T and N T mice was comparable with those reported previously for other mammalian models. Neurobehavioral changes caused by either neurotoxicant included ataxia, foot drop, and mild hindlimb paralysis. These symptoms were consistently observed in both T and N T mice. The development of these neurobehavioral changes was progressive; the frequency and severity of these changes increased with continued neurotoxicant exposure. There were no observable differences in the temporal onset, progression, or severity of the symptoms between T and N T mice for ACR or 2,5-H D. In contrast, no behavioral changes were observed in any saline-, propionamide-, or 3,4-hexanedione-injected mice.
Failures in the rotarod test confirmed the development of neurotoxicity in ACR-and 2,5-H D-exposed T and N T mice. All saline-(data not shown), propionamide-, and 3,4-hexanedione-injected groups successf ully completed the rotarod test every day of the treatment period (Fig. 2) . Some ACR-T animals failed the 30 sec rotarod test starting on day 10, more failed each subsequent day, and on day 18 all animals failed (Fig. 2 A) . N T mice began to fail on day 12; all of the animals failed by day 18 (Fig. 2 A) . Statistical analysis revealed that the ACR-injected animals were different from those injected with either saline or propionamide. Although there appeared to be some difference in onset and time course of rotarod failure between T and N T mice, no statistical difference was demonstrated. With the observed variability, an n of 50 animals would be required to demonstrate significance. Both T and N T mice exposed to 2,5-H D (8 mmol ⅐ kg Ϫ1 ⅐ d Ϫ1 ) began to fail the rotarod test on day 17 with daily increasing frequency until total failure of all animals at day 18 (Fig. 2 B) . Using the other two dosing regimens, rotarod failure occurred consistently only after the higher 8 mmol ⅐ kg Ϫ1 ⅐ d Ϫ1 dose was adminis- tered for several days. Regardless of the dosing regimen, T and N T mice failed the rotarod test on comparable time courses (data not shown). For all 2,5-H D-dosing regimens, statistically significant differences were observed between 2,5-H D-and saline-or 3,4-H D-treated groups. However, no differences were observed between 2,5-H D-exposed T and N T animals. Graphically, rotarod data are expressed as a percentile; thus SE is minimal. Therefore, error bars cannot be appropriately expressed on the graphs. Accelerated rotarod performance remained consistent for T and N T mice exposed to either physiological saline (Fig. 3) , propionamide (Fig. 3A,B) , or 3,4-hexanedione (Fig. 3C,D) . In contrast, rotarod speeds for ACR-treated (Fig. 3A,B ) and 2,5-H D-treated ( Fig. 3C,D; 8 mmol / kg) T (Fig. 3A,C) and N T (Fig. 3B,D) animals began to decline after several injections and continued to decrease over the treatment periods until these toxicant-exposed animals could no longer perform this test. Failures in the accelerated rotarod test produced the precipitous drop in average revolutions per minute that was achieved. Complete failure of the test after ACR (50 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 ) occurred at day 18 for N T mice (Fig. 3B ) and day 15 for T mice (Fig. 3A) ; with 8 mmol ⅐ kg Ϫ1 ⅐ d Ϫ1 2,5-H D, both T (Fig. 3C ) and N T (Fig. 3D ) mice failed on day 17. Statistically significant differences were observed between 2,5-H D-and either saline-or 3,4-H Dtreated groups and between ACR-and either saline-or propionamide-treated groups for both T and N T mice. No difference was found between T and N T mice exposed to either ACR or 2,5-H D.
As indicated above, PCR and Southern blotting of tail biopsies verified the presence of the transgene in T mice. Electron micrographs verified the absence of N Fs in axons of T mice (Fig. 4) . N T littermates showed a normal neurofilament appearance, number, and distribution in control as well as in propionamide-and 3,4-H D-exposed mice (data not shown). Morphological examination of axons from both ACR-injected T mice (Fig. 4) and ACR-injected N T littermates (Fig. 5) as well as nerves from 2,5-H D-injected T (Fig. 6 ) and 2,5-H Dinjected N T (Fig. 7) mice revealed similar pathological axonal lesions. Common to all four groups of mice were the accumulation of mitochondria and other membrane-bound organelles, dense bodies, multilaminar bodies and tubulovesicular profiles (Figs. 4 -7) . Frank Wallerian degeneration was infrequent. One important difference was the presence of neurofilament accumulations in the N T ACR-and 2,5-H D-exposed groups (Figs. 5, 7) and the absence of this hallmark in all T animals (Figs. 4,  6 ). The spatial distribution of pathology was objectively determined by comparison of the number of axons with lesions in the midthigh sciatic nerve with the number of lesions in the midleg tibial nerve. This quantitation was limited in ACR experiments because of the difficulty in obtaining successf ul perf usions in ACR-exposed mice. Furthermore, quantitation was precluded in the ␥-diketone group by even greater difficulty in obtaining an acceptable sample size in the 2,5-H Dexposed group. Numerous modifications of the perf usion protocol were attempted, including using a peristaltic pump to deliver the fixative at a constant pressure, administering the fixative via a syringe directly into the heart, as well as injecting the animal with heparin before perf usion of the fixative. None of these modifications produced any improvement in the preservation of structure. Quantitation of the number of axons containing pathological lesions is illustrated in Figure 8 . ACRinjected animals demonstrated significantly higher numbers of axons with lesions in both sciatic and tibial nerves compared with the same nerves from saline controls (Fig. 8) . This was true for both T and N T animals. A statistically significant difference was observed between sciatic and tibial nerves, the more distal tibial nerve demonstrating a greater frequency of lesions. No differences between T and N T mice, for either nerve, were observed.
DISCUSSION
The NFH-lacZ transgenic mouse provides a useful model for testing the relevance of axonal NF modification and/or accumulation to the development of symptoms and pathology of neurodegeneration. The present study demonstrates that ACR or 2,5-HD produce symptoms, behavioral indices, and morphological expression of neurotoxicity in a transgenic mouse model lacking axonal NFs (Eyer and Peterson, 1994) similar to those in nontransgenic littermates possessing normal NF content. Changes in gait, ataxia, and hindlimb paralysis, as well as the objective measurement of deficits in the ability to remain on a rotating rod (a sensitive test for sensorimotor function in rodents), were equally expressed in T and NT mice. Furthermore, the time course of rotarod deficits in the T and NT mice was similar for both ACR and 2,5-HD. NFs were observed in all NT mice, and NF accumulations were observed in NT axons after exposure to either ACR or 2,5-HD. Neither 10 nm filaments, nor any other filaments, accumulated in any T mice. Other pathological lesions characteristic of ACR-and 2,5-HD-induced neuropathy, including tubulovesicular profile accumulation, mitochondria accumulation, vacuole formation, and dense and multilaminar body formation (Prineas, 1969; Schaumburg et al., 1974) , were consistently observed in both T and NT mice. The dissociation of symptoms, behavioral indices, and pathological lesions from the presence of axonal NFs in a mammalian model clearly demonstrates that modification of another target is sufficient to produce neurotoxicity by these agents. This observation for two different classes of prototypic toxicants for neurofilamentous axonopathies suggests that great caution must be exercised when assuming that NF accumulation precipitates pathologies in other degenerative diseases. Other toxicants or etiologies may produce a different type of neurofilament accumulation that can have pathogenic relevance. For example, altered NF expression has been observed to trap organelles and potentially reduce fast axonal transport (Collard et al., 1995) . Direct quantitation of fast transport in this model does need to be experimentally determined. However, the mere presence of NF accumulations does not necessitate pathogenic involvement. Studies with ␤,␤Ј-iminodipropionitrile and transgenic mice overexpressing neurofilaments similarly indicate dissociation of NF from the pathogenesis of distal axonal degeneration (Griffin et al., 1978; Papasozemenos et al., 1982; Cote et al., 1993; Xu et al., 1993) . Axonal degeneration was not determined in the current study because animals were killed at the initial rotarod failure.
The current results are consistent with observations in nonmammalian models. Crayfish, a crustacean lacking N Fs (Miller et al., 1987) , and a mutant light neurofilament subunit (N FL)-deficient quail with a greatly reduced axonal N F content (Takahashi et al., 1994) developed axonal degeneration with ACR (Sickles et al., 1994; Takahashi et al., 1994 Takahashi et al., , 1995 . 2,5-H D produced neurotoxicity and axonal pathology in crayfish (Sickles et al., 1994) ; the mutant quail was extremely sensitive to 2,5-H D, and premature death of the animals, likely because of asphy xia, precluded determination of neurotoxicological outcomes in this model (Hirai et al., 1999) . Unfortunately, crayfish possess unique axonal cytoskeletal proteins, potentially substituting for N Fs (Hirokawa, 1986; Weaver and Viancour, 1991) , that could react with neurotoxicants to produce mechanistic similarities. However, no filamentous accumulations in crayfish were observed with either ACR or 2,5- H D. The quail model is limited by the presence of a minor amount of other N F subunits (Takahashi et al., 1994 (Takahashi et al., , 1995 and the questionable relevance of avian data to mammalian systems. The current model eliminates these potential limitations and permits direct comparison of the effects of these toxicants on mammalian axons with and without axonal N Fs. Compensation for the axonal loss of N F in the transgenic model appears unlikely because extensive mRNA and protein analysis of nerves indicates no unique protein expression or compensatory adjustment in cytoskeletal proteins, except a higher than normal microtubule density (Eyer and Peterson, 1994) . This increased microtubule density may be considered a compensation for neurofilament absence. However, the increased density is caused by the smaller axonal diameters present in T mice and is not an actual increase in the number of microtubules per cell. This number remains unchanged; therefore, we do not consider the increase in microtubule density a compensation.
The presence of N Fs in the soma of T mice does not appear to be problematic to the interpretation of the present data. The comparable performance of control T and non-T mice on both the regular and accelerated rotarod tests indicates that the accumulation of N Fs within the cell body does not significantly alter neuronal f unction. The absence of an identifiable phenotype and the longevity of N F H-lacZ mice and their neurons support the conclusion that the neuron is capable of accommodating the somal N F load. Furthermore, the outflow of fast anterogradely transported proteins in control T mice is identical to the outflow observed in N T animals, demonstrating that somal N F accumulations do not interrupt de novo synthesis and loading of proteins for fast axonal transport (Stone et al., 2001) . It is possible that toxicant modification of somal N Fs contributes to neurotoxicity. However, this is inconsistent with the comparable outflow of radiolabeled fast anterogradely transported proteins in both T and N T mice after ACR and 2,5-H D exposure (Stone et al., 2001 ) and comparable reductions in membrane-bound organelle flow within isolated axons from T and N T mice (Stone et al., 1999) , which are independent of the neuron soma.
N Fs could be an alternative target resulting in neurotoxicity or at least accentuate the response of axons to these toxicants. Takahashi et al. (1995) reported that Wallerian degeneration was less prominent in ACR-exposed N F-deficient quails compared with normal quails, suggesting that the presence of N Fs influences the extent of ACR pathology. The current results from this mammalian model indicate that there is no difference in response to either toxicant related to N F content. In fact, the rotarod test demonstrated a trend toward ACR-exposed T mice failing the rotarod test 2 d earlier than ACR-exposed N T animals; using 8 -11 animals per group resulted in no statistical difference ( p ϭ 0.09) in the rotarod performance of T and N T mice. If a larger sample size resulted in a statistical difference, this would indicate a protective action of N Fs rather than an alternative or supplemental action. However, statistical analyses have determined that a sample size of 50 animals would be required to produce a statistically significant difference; this would seem to be an excessive use of animals in that it would not significantly alter the conclusions of the present study. 2,5-H D produced an identical time to onset and level of rotarod failure (both standard and accelerated) in T and N T mice. This is surprising because most of the data supporting the N F hypothesis have been generated with ␥-diketones.
ACR-and 2,5-H D-induced neuropathies are characterized by a very distinct and reproducible spatial distribution of pathology Schaumburg, 1974, 1976 ) that has been usef ul in proposing hypothetical mechanisms of action. The distal pattern of initial pathology is reproduced here in both toxicant-exposed T and N T mice. The predominance of pathology in the more distal locations suggests the same pattern of "dying-back" neuropathy (C avanagh, 1964) in T and N T mice as well as other mammalian models (Kuperman, 1958; Fullerton and Barnes, 1966; Barnes, 1970; Hopkins, 1970; Kaplan and Murphy, 1972; Kaplan et al., 1973; Post, 1978) . Another characteristic similar in T mice and their N Fcontaining littermates was a comparable specificity of action as demonstrated by the lack of effect of propionamide, a nonneurotoxic analog of ACR (Lin et al., 1993) , or 3,4-H D, a non-neurotoxic analog of 2,5-H D (O'Donoghue et al., 1984) , on symptoms or morphology.
Several studies have reported previously ACR neurotoxicity in mice (Edwards and Parker, 1977; Von Burg et al., 1981; Gilbert and Maurissen, 1982; Teal and Evans, 1982; Miller et al., 1984; Bradley and Asbury, 1991) . However, mice have been considered resistant to ␥-diketone neurotoxicity (Graham and Gottfried, 1984) . Axon length was presumed to be insufficient to permit a threshold of toxicant attacks on N F proteins to produce neurotoxicity. The current report indicates that doubling the dose from the typical 4 to 8 mmol ⅐ kg Ϫ1 ⅐ d Ϫ1 is required, but comparable symptoms and pathology were observed. The similarity of the response in mice to that in other The number of axons counted in each group is provided above each bar. ACR significantly increased the frequency of lesions over controls. A significant difference was also observed between sciatic (proximal) and tibial (distal) nerves in both T and NT mice. No differences were found between T and NT mice under any experimental condition. Comparable data for 2,5-HD were unavailable because of an unresolvable difficulty in the perfusion of 2,5-HD-exposed mice. Statistical differences were determined using a two-way ANOVA for repeated measures followed by Tukey's highly significant differences post hoc test. *p Ͻ 0.05, significantly different from the corresponding saline control; #p Ͻ 0.05, significantly different from the corresponding sciatic nerve. mammalian species, including humans, supports extrapolation of T mice data across species.
The current results indicate that covalent modification of N Fs and their accumulation contribute little or nothing to the pathogenesis of symptoms and pathology in ACR-and ␥-diketone-induced neurotoxicity. Other studies using this model have identified the contributions of N Fs to normal axonal transport as well as the contribution of axonal N Fs and their accumulation to changes in fast axonal transport by these toxicants. Fast axonal transport was reduced comparably in both transgenic and nontransgenic mice by these toxicants (Stone et al., 1999 (Stone et al., , 2001 . Collectively, these studies indicate that f uture research should examine axonal proteins other than N Fs. For example, kinesin, the motor protein for fast anterograde axonal transport, is inhibited by ACR and 2,5-H D (Sickles and Tsai, 1996) ; it remains to be determined whether this inhibition is epiphenomenal or whether it represents a critical site of action. Although N F may not be a critical site of action, the formation of pyrrole adducts and /or cross-linking of ␥-diketones and the covalent modification of sulf hydryl groups by ACR (Hashimoto and Aldridge, 1970; DeC aprio and O'Neill, 1985; Sayre et al., 1985; Lapadula et al., 1989; Graham et al., 1990) should be considered as critical to neurotoxicity. These chemical reactions, identified on N F, should be considered in f uture studies of other axonal proteins.
